ABSTRACT
Introduction
Flavonoids are part of a family of naturally occurring polyphenolic compounds, and are one of the most prevalent classes of compounds in vegetables, nuts, and fruits, as well as in beverages including coffee, tea, and red wine (5, 13) . The different classes of flavonoids include the chalcones, flavones, flavonols, flavanones, flavanols, anthocyanins, and isoflavones. Flavonoids comprise approximately 8 000 compounds resulting from different combinations of hydroxyl and methoxyl substituent groups along the basic flavonoid skeleton (4) . Flavonoids inhibit the activities of many enzymes including monooxygenases, lipoxygenases, inducible nitricoxide synthases, and protein kinases (13) . Moreover, the flavonoids can ameliorate many chronic ailments such as heart disease, diabetes, obesity, and certain cancers (11) .
Rice contains several phytochemicals including flavonoids, chlorophylls, and carotenoids. A recent report showed that the flavonoids in rice improve its nutritional quality, thereby elevating its status as a health-promoting food. Flavonoid compounds contribute to antioxidant activity, making flavonoid biofortification important for improving nutrition and combating nutritional deficiency (31) ; and flavonoid antioxidants can help reduce the risk of developing chronic diseases (27) . Therefore, we expect rice containing high flavonoid levels to have greater functional dietary potential than common rice.
We investigated flavonoid-specific gene expression in transgenic rice to discover new genetic mechanisms that promote enhanced levels of flavonoids in cultivated rice. To identify flavonoid-related genes in the rice cultivars, we performed a four-phase analysis. First, we identified genes potentially associated with flavonoid biosynthesis by microarray analysis of high-and low-flavonoid cultivars at three stages of seed development. Second, we used ortholog analysis to functionally classify the genes identified in the microarray experiments and select the ones that were most likely involved in flavonoid biosynthesis. Third, we identified putative biological pathways and transcription factor binding sites for the genes identified in the microarray analysis. We compared the results of the pathway analysis with those of the ortholog analysis and selected genes that were identified in both analyses as likely to be related to flavonoid biosynthesis. Finally, we used RT-PCR to verify the expression of the candidate genes.
Materials and Methods

Mutant rice
The aim of this study was to compare gene expression between high-flavonoid rice mutants and the Dongjin cultivar. The Dongjin cultivar synthesizes relatively low levels of flavonoids. We used the Ac/Ds gene-trap system to generate Dongjin mutants that express high levels of flavonoids (20, 21) . We analyzed flanking sequence tags (FSTs) in order to verify the transgenic cultivars. We screened the high-flavonoid mutants over a period of 2 years. During the first year, we planted 115 000 Ac/Ds mutant lines and screened 163 Ds lines by polyphenol-content analysis. In the second year, we analyzed the total flavonoid content of the 163 pre-screened Ds lines and selected three high-flavonoid mutant cultivars: Ds40112, Ds22978, and Ds97389. Table 1 lists the flavonoid levels of the selected cultivars. We used the high-flavonoid mutants to identify gene expression patterns specific to high levels of flavonoid biosynthesis, because these mutants exhibited very different flavonoid content from that of the ancestral cultivar but otherwise had a very similar genetic background. 
Extraction and analysis of flavonoids
We manually hulled and ground the rice kernels to a fine powder with an HMF-590 cyclone mixer mill (Hanil, Seoul, Korea). We kept the milled rice powders at -80 °C before flavonoid extraction. We determined the total flavonoid content, using the Folin-Denis method with minor modifications (8, 28) . We added the diluted sample (1 mL) to 4 mL of distilled water and then added 0.6 mL of 5 % NaNO 2 . After 5 min, we added 0.5 mL of 10 % AlCl 3 ·6H 2 O solution, and allowed the mixture to stand for another 5 min before adding 2 mL of 1 mol/L NaOH. We mixed the reaction solution well and kept it for 15 min prior to measuring its absorbance at 510 nm versus water. We calculated the total flavonoid content, using the standard catechin curve, and recorded it on a fresh-weight basis as milligram catechin equivalents.
FST analysis
We isolated FSTs from the three mutant strains by inverse polymerase chain reaction (iPCR) and examined them by Southern blot analysis. For iPCR, we digested 1 µg of genomic DNA with NlaIII and performed sequential nested PCR with 250 ng of ligated templates. We loaded the primary and secondary products into adjacent lanes on 2 % agarose gels. We identified a Ds element inserted into chromosome 5, 3, and 1 of Ds40112, Ds22978, and Ds97389, respectively. Table 2 lists the FST information used in this study.
Experimental design and RNA extraction
We compared gene expression between the transgenic highflavonoid and low-flavonoid rice cultivars at three different stages of seed development (i.e., heading + 7 days, + 14 days, and + 21 days) in triplicate (i.e., 3-fold experimental replication). We harvested our samples from research plots in genetically modified organism-protected experimental fields of the National Academy of Agricultural Science (NAAS). We extracted total RNA from the seeds of the wild-type and mutant Dongjin cultivars as follows. First, we homogenized frozen samples with a mortar and pestle in liquid nitrogen, transferred them to fresh Falcon tubes on liquid nitrogen, and added 0.5 mL of RLC buffer (Qiagen, Hilden, Germany). We then vortexed the homogenates for 10 s, pelleted the plant debris by centrifugation, and extracted the supernatants, using the RNeasy Kit (Qiagen). We quantitated the total RNA by measuring the absorbance of the supernatants at 260 nm and 280 nm, using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, NC, USA).
Microarray analysis
In order to compare the high-and low-flavonoid groups, we used 135K rice microarrays to perform a total of 36 microarray experiments: three technical replicates of each combination of four cultivars and three stages of seed development. We performed all experiments, using only Cy3, and calculated spot intensity as the median value of the spot compared with the background median value. The microarrays contained probes to assess 31 439 genes deposited at the Rice Annotation Project Database version 2 (24) . We used the GenePix 4000B (Molecular Devices, Inc., Sunnyvale, CA, USA) to scan the microarrays for Cy3 signals which were subsequently digitized using Nimblescan (Roche NimbleGen, Inc., Madison, WI, USA). We defined significant differences in gene expression as those with p-values ≤0.05 according to the TRANSFAC® 7.0 database (BIOBASE GmbH, Wolfenbuettel, Germany, http:// www.gene-regulation.com/). Using signal intensity values obtained from the microarrays, we identified 6 730 genes that were at least 2.0-fold differentially regulated.
Analysis of orthologs, transcription factors, and networks
To classify and characterize the differentially expressed genes identified in the microarray experiments, we compared our microarray results to the Clusters of Orthologous Groups (COGs), using the National Center for Biotechnology Information (NCBI)/COGs database (18). For the transcription factor analysis, we first extracted 2-kb sequences upstream of the annotated transcription start sites of 6 730 genes, using the NAAS rice database (17) ; identified putative transcription factor binding sites, using Match™ and Patch™ in the TRANSFAC® 7.0 database; and performed hyper-geometric distribution tests for pair-wise correlations with genes that were expressed in the rice. To identify the biological networks in which the candidate genes likely participate, we used the Pathway Studio® software 9.0 (Ariadne Inc., Rockville, MD, USA, http://www.ariadnegenomics.com/).
Reverse transcription-polymerase chain reaction (RT-PCR) analysis
We verified the results of our multi-layered screening process, using RT-PCR as follows. After treatment with RNase-free DNase, phenol extraction, and ethanol precipitation, we used 5 µg of total RNA from each sample to synthesize each pool of cDNA, using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). For each PCR reaction, we used 1 µL of cDNA as a template, 1.25 U Taq DNA polymerase, and 20 pmol of each primer pair; each reaction had a total volume of 50 µL. The reaction cycle was: 3 min at 94 °C, 24 cycles of 30 s at 94 °C, 30 s at the optimal annealing temperature (58 °C to 65 °C), 1 min at 72 °C, and 5 min at 72 °C. The primer sequences used are listed in Table 3 .
Results and Discussion
Genes potentially associated with flavonoid biosynthesis on the microarrays The number of significantly up-regulated genes in each mutant cultivar ranged from 275 to 1 796, while the number of significantly down-regulated genes ranged from 387 to 2 135. We found more down-regulated genes than up-regulated genes within each developmental stage. Based on our analysis, we identified 6 730 different genes that could be involved in flavonoid-related signaling, production, or metabolism. Table 4 shows the results of our COGs analysis of the 6 730 selected genes. We found that 2 379 of those genes (i.e., 866 upregulated and 1 513 down-regulated ones) had known orthologs involved in general function only (16.7 %), signal transduction mechanisms (12.7 %), and posttranslational modification, protein, and chaperones (9.3 %). Of the differentially expressed genes, 476 (20.0 %) had poorly characterized orthologs and 79 (3.3 %) had orthologs with unknown functions. We evaluated the conservation level of the orthologs by distance values, using the ClustalW program (http://www.clustal.org/). We determined the COGs that are likely related to flavonoid functions based on the presence of highly conserved genes in three specific clusters, namely, posttranslational modification, signal transduction, and secondary metabolite biosynthesis; in other words, these three specific COGs had the highest numbers of conserved genes, and hence we hypothesized that they were the most likely to be related to flavonoid-specific functions. We also included the poorly characterized COGs as possibly flavonoid-related because they contained a relatively high number of differentially expressed genes. Finally, we selected 1 207 candidate genes from among the three flavonoid-related clusters and the poorly characterized group as likely to have flavonoid-related functions. 
Identification of orthologs
CATGCTATCCCTCGTCTCGACCT CGCACTTCATGATGGAGTTGTAT 
a Some genes are omitted to make the 
Pathways involved in flavonoid biosynthesis
To characterize how the 6 730 differentially expressed genes interact during flavonoid biosynthesis metabolism, we assessed the pathways in which they may participate. Our analysis identified numerous interactions by which the potentially flavonoid-related genes could be grouped biologically (Fig. 1) . In order to find the genes related to flavonoid biosynthesis, we assessed the 6 730 genes by their Arabidopsis homologue (29) , general protein (30) , and rice annotations (24) . We thus constructed an interconnected network consisting of 104 genes regulated by the flavonoid-biosynthesis pathways. We used Fisher's exact test to determine the most significant networks, and built the final resulting network with 50 genes ( Table 5 ). The flavonoid biosynthesis pathway could be connected directly to the transparent testa 4 (TT4), TT7, TT8, dihydro flavonol reductase (DFR), and dnaB analog (BAN) proteins; and indirectly linked to the cellular process categories related to flower color, flavonol metabolism, ripening, pigmentation, and proanthocyanidin metabolism.
TT4 is a key enzyme involved in the flavonoid biosynthesis; TT7 is required for flavonoid 3' hydroxylase activity; TT8 is a regulation factor that acts in a concerted action on flavonoid pathways; DFR catalyzes the conversion of dihydroquercetin to leucocyanidin during the biosynthesis of anthocyanins; and BAN is a negative regulator of flavonoid biosynthesis, particularly through interaction with the TT8 and DFR proteins. The network that we built provides important information for understanding the typical events associated with flavonoid production and the pigmentation response.
Transcription factors associated with flavonoid biosynthesis
We characterized the transcription factors associated with flavonoid metabolism, using the hyper-geometric analysis method. Of the 6 730 differentially expressed genes, we identified 167 (2.5 %) as putative transcription factors from 14 transcription factor groups: APETALA2 (AP2), Auxin Response Factors (ARF), basic helix-loop-helix (bHLH), basic leucine zipper (bZIP), C3H, DNA binding with one finger (Dof), ERF, GATA, GRAS, Growth-Regulation Factor (GRF), MADS, MYB, NAC, and WRKY. The MYB, NAC, and WRKY transcription-factor families showed the highest expression levels and accounted for approximately 57 % of all the predicted transcription factors. The differentially expressed transcription factors most likely modulate important biological processes involved in flavonoid production or pigmentation.
Expression of the MYB, bHLH, and NAC families in flavonoid-related processes or pigmentation pathways was reported previously. MYB family members activate pigmentation, are involved in specific steps of the flavonoid pathway, and may participate in the stress-induced expression of structural genes in the flavonoid pathway (6) . One common element between the abscisic acid-mediated and flavonoid pathways is the role of the MYB class of transcription activators in target-gene expression (1) . MYB transcription factors cause enhanced anthocyanin pigmentation in tissues that normally produce flavonoids (14) . The MYB and bHLH factors are associated with pigment production in young seedlings (2) . The flavonoid-biosynthesis pathway is directly controlled by a combination of proteins in the MYB and bHLH families (12) . NAC proteins, however, are plant-specific transcription factors known to play an important role in regulating flavonoid biosynthesis-related genes leading to the accumulation of anthocyanins (15) . These results illustrate the functional diversity of the specific transcription factors that are activated during flavonoid production.
The 11 other transcription factor groups predicted by our analysis are most likely related to plant growth or the environmental stress response. The ARF transcription factors regulate the expression of auxin-response genes (3). The AP2 family has important functions in the transcriptional regulation of a variety of biological processes related to growth and development (25) ; the AP2/ERF proteins play roles in the responses to environmental stimuli related to plant growth (16) . The GRF family appears to play a regulatory role in stem elongation (9) . The WRKY transcription factors constitute one of the largest families of transcriptional regulators in plants and form integral parts of signaling networks that modulate many plant processes (26) . The several MADS box-containing transcription factors have been established as important regulators in the development of floral and other organs (7, 19) . Finally, bZIP, C3H, Dof, GATA, and GRAS transcription factors are most likely related to developmental signaling, carbohydrate metabolism, and/or plant defense mechanisms (22, 23, 32) .
Genes identified by the multiple-comparison methodology
Based on the transcription factors involved in the above pathway analysis, we identified relationships between the conserved genes and the transcription factors. We compared the 278 transcription-factor genes, including the 104 pathwaynetwork genes, and the 1 207 genes from the ortholog analysis and found seven genes in common that were differentially expressed during the three different stages of seed development. Among those seven genes, five were up-regulated, compared with wild-type rice, at all the seed developmental stages tested, while two were down-regulated (Fig. 2) . This was the final step in our multi-layered methodology to identify the genes most likely associated with flavonoid biosynthesis. However, these genes did not include the better-known genes in the flavonoid biosynthesis pathway (i.e., Kyoto Encyclopedia of Genes and Genomes (10) pathway map 00941) and it is also needed to reveal the relationship between FSTs and these genes. While these genes still require further investigation and validation for flavonoid-producing properties, these results demonstrate the potential of this method using microarrays. Therefore, our multi-layer screening method based on pathway, transcription factor, and ortholog analyses successfully identified genes associated with specific biological mechanisms in rice. 
RT-PCR analysis of selected genes
To validate the expression of the seven unknown and hypothetical genes identified by our multi-layer screening method, we performed RT-PCR with the same RNA samples that we used in the microarray experiments. The five up-regulated genes (AK108210, AK119652, AK107866, AK070431, and AK107901) most likely play either a regulatory role in the flavonoid production process or are related to flavonoid signaling during pigment biosynthesis. The two down-regulated genes (AK108070 and AK106951) may inhibit flavonoid biosynthesis. The down-regulated genes of the Ds40112 cultivar, however, were weakly induced during the early heading stage, suggesting that these genes may play a negative role in early flavonoid production. Most of the up-and down-regulated genes appeared to be related to major biological changes induced by the flavonoid biosynthesis pathway. The results of our RT-PCR analysis coincided largely with the expression profiles obtained in the microarray experiments. Therefore, our data suggest that these seven unknown and hypothetical genes play a role in flavonoid production or the control of flavonoid levels during the early rice heading stage. Further investigation to determine the origins and functions of these genes will be important in expanding our understanding of the evolutionary biology of flavonoid production.
Conclusions
There is great interest in the use of mutant rice because of the numerous health benefits associated with the flavonoids they contain. In this study, we performed a four-stage analysis to identify novel genes involved in flavonoid biosynthesis in mutant rice. We identified a number of putative transcription factors and pathway-network genes based on the results of a 135K rice microarray experiment. Among the 167 transcription factors, including 104 pathway-network genes, and the 1 207 potential flavonoid-related genes identified in the COGs analysis, seven unknown and hypothetical genes differed in expression levels between the wild-type and mutant rice cultivars at all three of the seed-development stages tested. The candidate genes most likely either play regulatory roles in the flavonoid-production process or are related to signal transduction during flavonoid biosynthesis. In addition, we are performing further investigation for relationship between FSTs and these genes. Although further validation is needed, this multi-layer screening method provides valuable insight into the genes involved in flavonoid production and will greatly aid the future breeding of flavonoid-rich hybrid rice varieties.
